In this study, effects of Al addition on the glass-forming ability, phase evolution, and structural variation of Zr 50Àx Cu 50 Al x (x ¼ 0$25) alloys are investigated by means of X-ray diffraction and scanning electron microscopy. The phase type and structure of the Zr-Cu-Al alloys strongly depend on the Al content. The main phases of the Zr 45 Cu 50 Al 5 alloy are CuZr and icosahedral phase when the casting size is between 5 mm and 10 mm, but change to CuZr + glassy phase when the casting diameter is decreased to 3 mm. The intensity and number of Bragg peaks corresponding to the icosahedral phase in the Zr 45 Cu 50 Al 5 alloy decrease quickly as the cooling rate increases, and finally, only a diffuse peak is seen. These results suggest that there is strong correlation between the icosahedral phase and the glassy phase in the Zr-Cu-Al alloys during rapid solidification. The structure of the glassy phase in the Zr-Cu-Al alloys shows icosahedral short-range ordering. The icosahedron with five-fold symmetry is incompatible with lattice periodicity, which presents a barrier to crystallization and improves the glassy formability.
Introduction
In recent decades, bulk metallic glasses (BMGs) have attracted considerable interest because of their scientific and engineering significance. [1] [2] [3] [4] [5] [6] Zr-based metallic alloy systems have good glass-forming ability (GFA) and high thermal stability. 4) For this reason, this group of materials has attracted significant interest, both from fundamental research and industrial application points of view. 7) The Zr-Cu binary alloy system exhibits deep eutectics, and the fabrication of È2 mm fully amorphous rods was recently reported for binary Zr x Cu 100Àx compositions with x ¼ 36 and 50 at%. 8, 9) It is well known that the appropriate addition of a third element can suppress the nucleation of crystalline phases and improve GFA. 8, [10] [11] [12] The stability of the supercooled liquid and the GFA of binary Zr-Cu alloys can be strongly enhanced by the addition of Al. 4, 13) BMGs with a large supercooled liquid region and a low ternary eutectic melting temperature were found in Zr-Cu-Al ternary systems, [14] [15] [16] and a critical diameter of 3 mm for the glass formation was reported. 15, 17) However, the effects of Al on the phase formation and structural variation in these Zr-Cu-Al alloys have not been clarified in detail thus far. In this paper, the effects of Al addition on the phase and related structural evolution of rapidly solidified Zr 50Àx Cu 50 Al x (x ¼ 0; 5; 10; 15; 20; 25) alloys are reported. It was found that the structure of the glassy phase in the Zr-Cu-Al alloys shows icosahedral shortrange ordering (SRO), which is incompatible with lattice periodicity and presents a barrier to crystallization.
Experimental
Prealloyed Zr 50Àx Cu 50 Al x (x ¼ 0, 5, 10, 15, 20, 25, at%) ingots were prepared by arc melting a mixture of elemental Zr, Cu, and Al with purity of 99.9% in titanium-gettered argon atmosphere. The ingots were remelted four times to ensure good chemical homogeneity. Alloy rods with diameters of 3, 5, 8, and 10 mm were fabricated by copper mold suction casting. X-ray diffraction (XRD) for phase identification was carried out on a Rigaku D/Max-RB diffractometer with Cu K radiation. The microstructure of the as-cast alloys was investigated by scanning electron microscopy (SEM).
Results
According to the equilibrium phase diagram of the Zr-Cu binary system, 18) 19) Under equilibrium conditions, Zr 50 Cu 50 alloy firstly solidifies into CuZr and then decomposes into CuZr 2 + Cu 10 Zr 7 phases through a eutectoid reaction at low temperature. The experimental cooling conditions are usually far from the equilibrium solidification conditions, and consequently, the solidified phases in the present experiment differ from those formed in the equilibrium process.
When the alloys are rapidly quenched into cylindrical copper molds with diameters of 3, 5, 8, and 10 mm, different phases are obtained. The main phase in the Zr 50 Cu 50 binary alloy of different diameters is CuZr with monoclinic primitive structure, as indicated by the corresponding X-ray diffraction patterns shown in Fig. 1(a) . In the case of the Zr 45 Cu 50 Al 5 alloy, the main phases are CuZr and icosahedral phase (I-phase) when the casting size is between 5 mm and 10 mm, as shown in Fig. 1(b) . However, the intensity and number of Bragg peaks of I-phase decrease quickly as the cooling rate increases (i.e., as the casting diameter d is reduced from 10 to 5 mm). For a diameter of 3 mm, the main phases are CuZr + glassy phase, as shown in Fig. 1 In addition, the structure of CuZr phase in all Al-containing alloys is a typical B2 structure (cP2 in Pearson notation), which differs from the structure of monoclinic CuZr in Zr 50 Cu 50 binary alloys. This indicates that the addition of Al to the Zr-Cu alloys and the cooling rate strongly control the phase type and structure. The CuZr peaks for the studied samples are at slightly lower angles than the peaks in the case of the standard CuZr phase parameters, 20) as shown in Figs. 1 and 2.
To understand the microstructure of the Zr-Cu-Al ternary alloys with d ¼ 3 mm, the samples are studied by SEM. It is found that nanocrystalline phase, such as CuZr or I-phase, is embedded in glassy matrix for the Zr 45 Cu 50 Al 5 alloy, as shown in Figs. 3(a) and (b). In the case of Zr 40 Cu 50 Al 10 alloy, the flower-like primary dendrites identified as CuZr and AlCu 2 Zr phases are embedded in the (Zr, Cu) solid-solution matrix; however, no I-phase is seen in Fig. 3(c) . This observation indicates that the grains of I-phase in the Zr 40 Cu 50 Al 10 alloy are so fine that they cannot be identified by SEM. In the case of Zr 35 Cu 50 Al 15 alloy, dendritic AlCu 2 Zr phase becomes predominant with some CuZr phase grains distributed in the intergranular spaces, as shown in Fig. 3(d) . As the Al content increases to 20% and 25% (i.e., the Zr 30 Cu 50 Al 20 and Zr 25 Cu 50 Al 25 alloys), the primary AlCu 2 Zr dendrite grows coarsely, as shown in Fig. 3(e) . However, the intergranular phase changes to the coarse AlCuZr phase embedded in the same AlCu 2 Zr matrix, as shown in Fig. 3(f) .
Discussion
The addition of aluminum is the key factor for improving the GFA of Zr 45 Cu 50 Al 5 alloy by decreasing the nucleation rate and crystal growth rate. 21) It is found that the addition of Al to Zr-Cu-Al alloys enhances the stability of supercooled liquid and the tendency of the alloys to form metastable supersaturated phases. 22) It is assumed that the CuZr phase is Table 1 . During rapid solidification, there is no long-range redistribution of aluminum at the solid-liquid interface, and aluminum is trapped to form the supersaturated CuZr phase, 22) described as the (Cu, Al)Zr phase. However, the equilibrium solubility of Al in the CuZr intermetallic compound phase is very limited. Therefore, the increase in Al concentration in the CuZr phase is due to kinetic effects. In comparison with CuZr, a supersaturated intermetallic phase, such as the (Cu, Al)Zr phase, has a low nucleation rate and crystal growth rate due to its low driving force (free energy difference between the supercooled liquid and the crystalline phases) and other kinetic considerations (e.g., the diffusion rate and interfacial energy). 22) Therefore, the addition of Al improves the GFA of the Zr 45 Cu 50 Al 5 alloy by decreasing the diffusion coefficients, nucleation rates, and crystal growth rates of intermetallic phases.
However, for the Zr 50Àx Cu 50 Al x alloys with x greater than 10 at%, increasing the Al concentration leads to severe distortion in the supersaturated (Cu, Al)Zr phase. As the distortion increases, the supersaturated phase becomes unstable and finally changes to AlCu 2 Zr, which has a higher degree of ordering. From a structural point of view, the structure of AlCu 2 Zr phase is similar to that of the cubic CuZr phase. In other words, AlCu 2 Zr cell is formed when Zr atoms are partially substituted by Al atoms in the CuZr cells. The atomic configurations of CuZr and AlCu 2 Zr phases are given in Fig. 4 . However, in the case of Zr 25 Cu 50 Al 25 alloy, the CuZr phase no longer appears even at low cooling rates. These results indicate that the phase type and structure in ZrCu-Al alloys are continuously influenced by the Al content.
I-phase forms stably in the Zr 45 Cu 50 Al 5 alloys even at low cooling rates, while glassy phase forms when the casting size is not larger than 3 mm. In addition, no glassy phase but a little I-phase forms in the Zr 40 Cu 50 Al 10 alloy in samples with d ¼ 3 mm. This means that the presence of I-phase contributes to the formability of glassy phase in the Zr-Cu-Al alloys. It is seen that the formation of the I-phase and glassy phase is also influenced by the Al content. These results indicate that there is a strong correlation between the I-phase and the glassy phase in the Zr-Cu-Al alloys during rapid solidification. [23] [24] [25] [26] It is suggested that the atomic structure of metallic glasses is of icosahedral ordering 24, [27] [28] [29] in Zr-Cu-Al alloys. Frank 30) pointed out that icosahedral clusters may be present in a liquid and can stabilize the liquid structure. Indeed, structural models of liquids and metallic glasses, such as dense random packing models, 31, 32) have been found to have many icosahedral clusters. 33) Furthermore, the icosahedral atomic structure of the glassy state correlates with the stability of supercooled liquid.
28) The icosahedral clusters in the melt are thought to significantly contribute to high GFA and high stability against crystallization. 34, 35) Nevertheless, an icosahedron with five-fold symmetry is incompatible with lattice periodicity, which presents a barrier to crystallization and improvement of the glassy formability. Egami 24) believes that the structures of glasses and liquids are described in terms of both the topology of atomic bond networks and local distortion of the atomic bonds, between which local distortion plays a dominant role in metallic glasses. The metallic systems have a tendency toward dense packing to attain a maximum number of atomic bonds to minimize the total energy. An icosahedral cluster with 13 atoms is made of 20 tetrahedral clusters and 42 atomic bonds. It is better packed than other clusters 24) such as face-centered cubic ( fcc) and body-centered cubic (bcc) clusters. However, the formation of I-phase requires the rearrangement of atoms in the supercooled liquid. The addition of Al in the Zr-Cu alloys introduces the complication of multi-component chemistry in supercooled liquids, and consequently increases the difficulty of the atomic arrangement of constituent species during phase formation. As a result, the GFA of ZrCu-Al alloys improves.
Conclusions
In this work, the effects of Al addition on the GFA, phase formation, and structure of Zr 50Àx Cu 50 Al x (x ¼ 0$25) alloys are investigated. The following conclusions can be drawn.
(1) The Al content is the crucial factor in the phase formation and structural evolution of the Zr-Cu-Al alloys. The addition of Al enhances the undercooling stability and the tendency of the alloys to form a metastable supersaturated phase due to solute trapping under rapid solidification conditions, which improves the GFA by decreasing the diffusion coefficients and nucleation rate of intermetallic phases. (2) The I-phase and glassy phase are formed successively in the Zr 45 Cu 50 Al 5 alloys with increasing cooling rates, which suggests a strong correlation of the atomic configuration and SRO between the glassy phase and the I-phase in the Zr-Cu-Al alloys. (3) The high GFA and high stability against crystallization of Zr-Cu-Al alloys results from the icosahedral clusters in the melt. An icosahedron with five-fold symmetry is incompatible with lattice periodicity, which presents a barrier to crystallization and improves the glassy formability.
